The location, structure and protein environment of the Mn 4 Ca 2C cluster, which catalyses the lightdriven, water-splitting reaction of photosystem II, has been revealed by X-ray crystallography. However, owing to the low resolutions of the crystal structures reported to date, and the possibility of radiation damage at the catalytic centre, the precise position of each metal ion remains unknown. To some extent, these problems have been overcome by applying spectroscopic techniques like extended X-ray absorption fine structure. Taking into account the most recent results obtained with these two X-ray-based techniques, we have attempted to refine models of the structure of the Mn 4 Ca 2C cluster and its protein environment.
INTRODUCTION
Photosystem II (PSII ) uses sunlight to split water into its elemental constituents: dioxygen is released providing our planet with an aerobic atmosphere and a protective ozone layer, while the 'hydrogen' supplies reducing equivalents which, with additional input of light energy absorbed by photosystem I, are used to convert carbon dioxide into the organic molecules that constitute the biosphere. It is estimated that on an annual basis, PSII produces approximately 260 Gt of dioxygen (Archer & Barber 2004) . The enormity of this reaction is remarkable given that water is a very stable compound and its oxidation is thermodynamically demanding. In total, it takes approximately 4 V of potential energy to generate a dioxygen molecule from two water molecules. In the case of PSII, this energy originates from the absorption of four photons of visible light (hn),
For this reason, the catalytic cycle of water oxidation relies on the storage of four oxidizing equivalents at an oxygen-evolving centre (OEC) within PSII, containing four Mn ions and Ca 2C and involves at least five chemical intermediates (S 0 -S 4 ) of the S-state cycle (reviewed in Diner & Babcock (1996) ). It remains one of the greatest challenges of photosynthesis research, and science in general, to elucidate the chemistry of the water-splitting reaction of PSII. Although a host of biophysical, biochemical and molecular biological studies have been carried out to unravel the molecular mechanisms of this unique chemistry (recently reviewed in the various chapters of Wydrzynski & Satoh (2005) ), progress has been hampered until recently by the lack of a structure for the Mn 4 Ca 2C catalytic centre and details of its protein environment.
STRUCTURES OF THE Mn 4 CLUSTER WITHOUT Ca

2C
Although there had been considerable progress in determining the three-dimensional structure of PSII using electron microscopy, both electron crystallography and single particle analyses (reviewed in Barber (2002 Barber ( , 2003 ), the spatial resolutions obtained by these techniques were not sufficient to identify the electron density of the Mn 4 Ca 2C cluster. This situation was rectified by subjecting threedimensional crystals of PSII, isolated from the cyanobacterium Thermosynechococcus elongatus, to X-ray diffraction analysis (Zouni et al. 2001) . This analysis generated an incomplete model of PSII at a resolution of 3.8 Å : the tracing of C-alpha backbones of some subunits was not complete and there was no assignment of amino acids other than a tentative identification of D1-Tyr161 (Tyr Z ) and D2-Tyr160 (Tyr D ). However, this work did provide information on the positioning of cofactors involved in excitation energy transfer and charge separation. Most importantly, the analysis of the diffraction data revealed the first direct hints of the position of the Mn 4 cluster within PSII. The electron density assigned to four Mn ions was checked by collecting anomalous diffraction data close to the Mn-absorption edge at 1.894 Å , and was found to be towards the lumenal surface of PSII on the D1 side of the pseudo-twofold axis, which relates the transmembrane helices of the D1-and D2-reaction centre proteins and the cofactors they bind. In this way, Zouni et al. (2001) confirmed the expectation that the location of the Mn cluster breaks the pseudo-twofold symmetry of the PSII reaction centre, and therefore placed it in the vicinity of the redox active Tyr161 of the D1 protein ( Yz) and close to the surface helix located in the loop joining the lumenal ends of the C-and D-transmembrane helix of the D1 protein (CD-helix). The electron density had a 'pear shape' when contoured at 5 sigma having dimensions of 6.8 Å ! 4.9 Å !3.3 Å with the long axis approximately parallel to the CD helix and tilted at approximately 238 to the membrane plane. Owing to the low resolution and incompleteness of the model, including the absence of side-chain positioning, the assignment of the four Mn ions within the density was rather arbitrary. A Mn ion was positioned in the three bulges of the 'pear-shaped' density to form an isosceles triangle with a fourth Mn ion placed in the centre of the triangle. The distance between the Mn ions was approximately 3 Å and therefore approximately consistent with analyses by extended X-ray absorption fine structure (EXAFS; see Yachandra 2002) . However, these authors did not propose a position for Ca 2C and did not model bridging ligands for the Mn ions.
The 3C1 organization of the four Mn ions modelled by Zouni et al. (2001) gave support to the arrangement previously suggested by Peloquin et al. (2000) and earlier by Hasegawa et al. (1999) , and was also a feature of the crystallographic model of the Mn cluster derived by Kamiya & Shen (2003) . Using PSII isolated from Thermosynechococcus vulcanus, a cyanobacterium closely related to T. elongatus, these authors obtained a crystal structure at 3.7 Å and provided additional information to that revealed by Zouni et al. (2001) . The tracing of main chains was more complete and there was some effort made to assign amino acids, particularly those of the D1 and D2 proteins as well as to some regions of the chlorophyll-binding proteins, CP43 and CP47. The positioning of cofactors was essentially the same as that reported by Zouni et al. (2001) , but Kamiya & Shen also assigned density for two closely located carotenoid molecules on the D2 side of the reaction centre. As found by Zouni et al. (2001) , the shape of the electron density for the Mn cluster was 'pear-like' when contoured at 5 sigma, indicative of the 3C1 organization. However, Kamiya & Shen modelled the four Mn ions so that they were approximately in the same plane, whereas Zouni et al. (2001) had placed the central Mn ion protruding towards the lumenal surface. Importantly, Kamiya & Shen's map contained electron density connecting to that of the Mn cluster that was tentatively assigned to side chains of the D1 protein, including Ala344, Asp170 and Glu333 (or His332). They also suggested that, based on weak electron density, D1-His337, D1-Asp189 (or D1-His190) and D1-Tyr73 may also be coordinated to Mn ions of the cluster. Mutagenesis studies already supported the idea that several of these residues could be ligands for the Mn ions (Debus 2001; Diner 2001) , including those located in the C-terminal domain of the D1 protein (Diner et al. 1991) . As in the case of the earlier crystal structure (Zouni et al. 2001) , the model of Kamiya & Shen did not include a Ca 2C that was bound close to the Mn cluster.
STRUCTURE OF THE Mn 4 CLUSTER WITH Ca
2C
The first complete and refined structure of PSII came from the work of Ferreira et al. (2004) , where over 5000 amino acids were assigned in the dimeric complex. Consequently, this 3.5 Å model identified and gave the structures of 19 different subunits of the T. elongatus PSII complex (except for one low molecular weight intrinsic subunit tentatively assigned to PsbN). Moreover, it provided the first reliable information about the protein environments of all the major cofactors of PSII, not only that of the Mn 4 Ca 2C cluster but also for those involved in energy capture, excitation transfer and charge separation. Anomalous diffraction was collected at a wavelength of 1.89 Å to obtain an electron density profile for the Mn ions and at 2.25 Å to locate Ca 2C (at 2.25 Å , calcium has an anomalous signal which is approx. four times stronger than manganese). Again, the electron density attributed to the four Mn ions was pear-shaped, indicative of the 3C1 organization. However, it is difficult to make a direct comparison with the corresponding density reported in the earlier crystal structures due to the unavailability of primary data. The Mn-anomalous difference map of Ferreira et al. (2004) correlated with one metal in the small domain and three in the large globular domain, whereas the 2.25 Å wavelength map covers one metal ion in the large domain. In this way, three Mn ions and the Ca 2C were modelled as a trigonal pyramid with the Ca 2C at its apex, all located in the large domain. The fourth Mn ion was placed in the small domain.
The much improved quality of the electron density map led to the assignment of virtually all the amino acids in the PSII complex and, in particular, those in close proximity to the Mn 4 Ca 2C cluster. The positioning of side chains, the analyses of the anomalous diffraction data and the recognition that the ions were likely to be bridged by oxo bonds at distances suggested by EXAFS resulted in a detailed model for the Mn 4 Ca 2C cluster. The working model proposed by Ferreira et al. (2004; also see Barber et al. 2004) consisted of the three Mn ions (Mn1, Mn2 and Mn3) forming a cubane-like arrangement with the Ca 2C linked by oxo bonds. The fourth Mn (Mn4, the 'dangler' of Peloquin et al. (2000) was suggested to be linked to the Mn 3 Ca 2C O 4 cubane via the oxygen of one of its oxo bonds. At the resolution of the diffraction data, the precise positioning of the metal ions could not be determined. Therefore, for simplicity, the distances between the Mn ions in the cubane were taken as 2.7 Å with the Mn-Ca 2C distance in the cubane modelled at 3.4 Å . The dangler Mn was positioned 3.3 Å from the closest Mn ions of the cubane and approximately 4 Å from the Ca 2C . As a consequence, the model was based on three Mn-di-m-oxo-Mn bonds at 2.7 Å , three Mn-di-m-oxo-Ca 2C bonds at 3.4 Å and two Mn-mono-m-oxo-Mn bonds at 3.3 Å . Although the distances chosen were compatible with distances derived from EXAFS for the PSII metal cluster (Yachandra 2002) , the predicted number of each type of bond was not. Nevertheless, density function calculations (Lundberg & Siegbahn 2004; Sproviero et al. 2006) and chemical synthesis of a mixed Mn-Ca complex (Misra et al. 2005) suggested that such an organization was chemically feasible despite there being no known similar structure in biology. Moreover, the model has provided an important basis for developing detailed mechanisms for the water-splitting reaction leading to dioxygen formation (McEvoy & Brudvig 2004 Siegbahn & Lundberg 2005; Siegbahn 2006 ).
Based on this organization of the metal ions, the Mn 3 Ca 2C O 4 cubane had four protein side chains as ligands: D1-Asp342 for Mn1; D1-Glu189 and D1-His332 for Mn2; and CP43-Glu354 for Mn3 (possibly bidentate). The identification of the glutamate of CP43 as a Mn ligand was a surprise and is a residue of a conserved motif Gly-Gly-Glu-Thr-Met-Arg-Phe-TrpAsp, which forms a 3 10 helix in the large extrinsic loop joining the lumenal ends of transmembrane helices V and V1 of this protein. In addition to these four apparent protein ligands, it was noted that the C-terminal residue of the D1 protein, D1-Ala344, is located close to Ca 2C and that D1-His337 could be hydrogen bonded to one of the bridging oxo bonds of the cubane. Two side-chain densities were available as ligands for the dangler Mn4 outside the cubane cluster. These were identified as D1-Asp170 and D1-Glu333, and also noted was that D1-Asp61 might function as a ligand via a bridging water molecule. Because the coordination number is usually 6 or 7 for Ca 2C and 5 or 6 for Mn, then according to the Ferreira et al. model there must be additional non-protein ligands such as water molecules or hydroxides. Nevertheless, Ferreira et al. (2004) did emphasize that there was non-protein electron density in the vicinity of Mn (4) and Ca 2C , which they tentatively assigned to a carbonate ion that formed bridging ligands between the two metals. Moreover, the positioning of this carbonate ion adjacent to the redox active D1-Tyr161 (Tyr Z ) suggested that this could be the site for binding of two substrate water molecules and formation of dioxygen. Also located in this potential catalytic site are D1-Gln165 and CP43-Arg357, which may provide hydrogen-bonding networks for deprotonation of the substrate water molecules during the catalytic cycle, while D1-Asp61 is strategically located at the mouth of a polar channel, which probably functions to facilitate the exit of protons to the lumenal surface. This channel is approximately 30 Å long and composed of side chains of the D1 protein (Asp61 and Glu65), D2 protein (Lys317 and Glu312) and the extrinsic PsbO protein (Asp158, Asp222, Asp223, Asp224, His228 and Glu114). As well as acting as a pathway for removing protons, it probably also provides a route for supplying water molecules to the active site where both functions are aided by a Ca 2C bound at the lumenal end of the channel ligated by PsbO residues, Glu114, His231 and Glu54 (Murray & Barber 2006) . Recently, a closer analysis of the Ferreira et al. structure ) indicated two additional channels leading from the OEC to the lumenal surface. One sufficiently polar so that it could also act as a H C /water channel while the less polar nature of the other suggests that it may promote rapid oxygen diffusion from the catalytic site.
The work of Ferreira et al. (2004) also established that D1-His190 was in hydrogen-bonding distance to D1-Tyr161 as required, and predicted, for the oxidation of the latter by the primary electron donor of PSII, P680, to generate the neutral tyrosine radical (Hoganson & Babcock 1997) .
The model proposed by Ferreira et al. (2004) has recently been analysed in considerable depth using density function quantum mechanics/molecular mechanics (QM/MM) analysis (Sproviero et al. 2006 (Sproviero et al. , 2007 . The calculations assumed that the tentatively identified carbonate in the X-ray structure is replaced by a chloride ion in the active S 1 state of the watersplitting catalytic cycle, and that the assigned protein ligands were complemented by water and hydroxyl ligands to satisfy the coordination requirements of the five metal ions. Despite these adjustments, the calculated model for the metal cluster was remarkably similar to that proposed by Ferreira et al. (2004) and confirmed that it is a chemically stable structure even in the absence of protein ligands. Simulation of EXAFS spectra from the QM/MM model was also consistent with the experimental spectra obtained from nonorientated samples.
Towards the end of 2005, a new crystal structure of PSII isolated from T. elongatus was published by Loll et al. (2005) , following on from an earlier study (Biesiadka et al. 2004) . The resolution of the structure was reported to be 3.0 Å . In most part, this new model confirmed the subunit and amino acid assignment and side-chain positioning reported by Ferreira et al. (2004) with minor differences within the limitation imposed by the intermediate resolution of both structures. Nevertheless, the improved electron density map allowed Loll et al. to correct and extend the original assignment of carotenoid molecules by Ferreira et al. (2004) and to locate several bound lipid molecules. As in the earlier papers from this group (Zouni et al. 2001) , the pearshaped electron density attributed to the metal cluster of the water-splitting site was interpreted as four Mn cations organized in a Y-shape or 3C1 arrangement. Based on anomalous diffraction, the Ca 2C was placed in a position similar to that proposed by Ferreira et al. (2004) , and recently confirmed by Kargul et al. (2007) , whereas the positioning of three of the Mn ions were different from that of Ferreira et al. (2004) Ferreira et al. (2001) , had distances between the metal ions which were in line with those derived from EXAFS measurements (Yachandra 2002) . They modelled di-m-oxo bridges of 2.7 Å between Mn1 and Mn2 and between Mn2 and Mn3, while Mn1-Mn3 and Mn3-Mn4 were modelled at 3.3 Å , as expected for mono-m-oxo bridging.
The electron density surrounding that due to the metals was assigned to the same amino acids first identified in the crystal structure of Ferreira et al. (2004) , although there were differences in the precise location in some cases. Within the errors of the two models, Loll et al. confirmed the Ferreira et al. assignment of most of the key residues in the water-splitting site, such as D1-Tyr161, D1-His190, D1-Glu165, D1-Asp62, D1-His337, CP43-Arg357 and the probable metal ligands D1-His332, D1-Glu333, D1-Glu189 and CP43-Glu354. The most striking difference was the position of D1-Asp170 and to a lesser extent D1-Asp342 and D1-Ala344. With these differences, coupled with the different positioning of the Mn ions, Loll et al. (2005) proposed an amino acid coordination arrangement somewhat modified from that provided earlier by Ferreira et al. (2004) . However, Loll et al. emphasized that their model for the water-splitting site was tentative, in part owing to the low resolution of the electron density map and in part owing to radiation damage. Working with the EXAFS group at Berkeley, and prior to the publication of the Loll et al. crystal structure of 2005, the same group had shown that doses of X-rays typical of those used for diffraction analyses caused the reduction of the Mn cluster and its associated structural changes (Yano et al. 2005 ). This problem of radiation damage occurring at the Mn cluster had also been highlighted by Dau et al. (2004) and investigated further by Grabolle et al. (2006) .
Despite the uncertainties of the Ferreira et al. and Loll et al. models of the Mn cluster, the concept of bidentate bridging ligands proposed in the latter is worthy of serious consideration, given that this type of ligation is common in Mn-containing enzymes such as arginase (Kanyo et al. 1996) , Escherichia coli ribonucleotide reductase (e.g. Sommerhalter et al. 2005) , etc. (see Dismukes 1996) as well as in Mn-containing model compounds (Christou 1989) . The presence of bridging carboxylate ligands may explain mutational studies, where the replacement of some of the proposed ligands with non-ligating side chains does not disrupt the cluster and inhibits water oxidation (Debus 2001; Diner 2001 ). 
REINTERPRETATIONS OF THE OEC STRUCTURE
In this section, we have undertaken a reinterpretation of the structure of the OEC using currently available information and favouring bidentate ligation where possible. The modelling is based on the Mn-anomalous diffraction data of Ferreira et al. (2004) , which seem to be the most reliable at present and are available via the PDB database. Although these anomalous diffraction data are at 3.8 Å , they have the advantage of not being biased to the model phases and at this resolution is probably not influenced significantly by any radiation modifications. The models presented in the following sections have been fitted by real-space refinement against the Mn-anomalous diffraction using the molecular graphics program, COOT (Emsley & Cowtan 2004) . Their validity will ultimately have to be reconciled with native electron density maps and with new structural data at higher resolution. Loll et al. (2005) and recent work of Kargul et al. (2007) , then the new bonding state for Mn4 leads to a repositioning of the other three Mn ions when compared with those in the model of Ferreira et al. (2001) . This repositioning of the Mn ions therefore changes the protein ligation pattern as shown by comparing figure 1c with figure 1a . The positioning of the amino acids has taken into account the possibility of bidentate bridging, which involved making slight changes in the side-chain positioning within the native electron density maps derived by Ferreira et al. (2004) and Loll et al. (2005) . In this model, the same amino acids identified as part of the OEC by Ferreira et al. remain as metal ligands but the pattern is different: D1-His332 is a ligand to Mn1; D1-Asp342 can now form a bidendate bridging ligation with Mn1 and Mn2; and CP43-Glu354 also seems to be positioned so as to form a bidentate bridge between Mn2 and Mn3. A repositioning of the side chain of D1-Glu333, in agreement with Loll et al. (2005) , suggests that its carboxylate could form a bridge between Mn4 and Mn3. As mentioned above, the Ferreira et al. positioning of D1-Asp170 is different from the Loll et al. structure. Assuming the Ferreira et al. positioning, D1-Asp170, clearly makes a ligand for Mn4, and with a slight rotation of the carboxylate bond within the native electron density suggests that both oxygens could ligate to Mn4. The positioning of the side chain of D1-Glu189 suggests a monodentate ligation to Mn1, while reinterpreting the electron density of the C-terminal region of either the map of Ferreira et al. or Loll et al. is more difficult. It is clear that both D1-Ala344 and D1-Asp342 are located close to Mn2, and with slight adjustment of their side chains in either map could mean that the oxygens of the carboxyl group of D1-Ala344 form a bridge between Mn2 and Ca 2C while D1-Asp342 forms a bidentate bridging ligand with Mn1 and Mn2. Figure 1d shows a schematic of the ligation pattern for this model. The coordination number for Mn is 5 or 6 and, according to the model shown in figure 1c , this requirement is better satisfied by amino acid side chains than in the Ferreira et al. (2004) model due to the introduction of bidentate ligation: 6 for Mn1; 6 for Mn2; 6 for Mn3; and 4 for Mn4. The overall positioning of the Mn ions in this model and the pattern of amino acid ligation are similar to that proposed by Loll et al. (2005;  with some exceptions). However, the average orientation to the membrane normal of the three Mn-di-m-oxo-Mn bonds (818) and the Mn-mono-m-oxo-Mn bond (478) are not consistent with those recently derived from polarized EXAFS (Yano et al. 2006; Pushkar et al. 2007) , which indicate an orientation of 408-608 and 908, respectively.
Although the major difference between the modified model and that of Ferreira et al. is the relocation of the Mn ions so as to accommodate only one Mn-mono-moxo-Mn bond, the slight changes in the orientation of some side chains also make some differences to the original Ferreira et al. model: D1-Ala344 is now in ligating distance to Mn2 as well as Ca 2C and bridging ligands are also proposed between Mn1 and Mn2 (D1-Asp342), Mn2 and Mn3 (CP43-Glu354) and between Mn3 and Mn4 (D1-Glu333). (2005), is not consistent with any of the four models recently proposed from polarized EXAFS spectroscopy as applied to single crystals (Yano et al. 2006) . Therefore, we have investigated the EXAFS models using the Mn-anomalous diffraction difference map derived by Ferreira et al. (2004) . We found that none of the recently proposed EXAFS models fitted comfortably into the Mn-anomalous diffraction map using the coordinates provided by Yano et al. (2006) . Using real-space refinement against the anomalous Mn difference density to obtain a revised fitting and recognizing that there are discrepancies in the determination of the bond angles relative to the membrane normal, as emphasized by the comparison of Yano et al. (2006) with Pushkar et al. (2007) as well as with earlier work (George et al. 1989; Schiller et al. 1998) , we slightly adjusted the positioning of the four EXAFS models so as to improve their fit within the Mn-anomalous difference map (figure 2). These new fittings within the Mn-anomalous difference map give orientations to the membrane normal of the Mn-di-m-oxo-Mn bonds (2.7 and 2.8 Å ) and the Mn-mono-m-oxo-Mn bonds (3.3 Å ) as presented in table 1, where they are compared with those derived from the coordinates of Yano et al. (2006) . The differences are in most cases not large and probably within experimental error.
As shown in figure 2 , the repositioning of the four EXAFS models into the crystal structure reveals the differences in possible amino acid ligation patterns for each model, which are also different from those indicated by Yano et al. (2006) . As for the modified Ferreira et al. model in figure 1c , the orientations of the carboxylate side chains were optimized using the native electron density maps of Ferreira et al. (2004) and Loll et al. (2005) , with the view of possibly forming bridging ligands whenever possible. All the amino acids identified by Ferreira et al. (2004) as potential ligands (with the exception of D1-Ala344 and D1-Asp342 of model I in figure 2a,b) remain the same but the precise arrangements are different. For EXAFS models II, IIa and III, D1-Ala344 forms a bidendate ligand with MnD (Mn1), while D1-Asp342 forms a monodentate ligand to this Mn ( figure 2d,f,h ). D1-His332 remains a ligand for all four EXAFS models except for model I, where it ligates to MnD (Mn1), while for the other models it is a ligand for MnC (Mn2). D1-Glu333 is a ligand for MnA (Mn4) in all cases but with bidentate bridging to MnB (Mn3) in models II, IIa and III. In all cases, D1-Asp170 provides a single carboxylate ligand to MnA (Mn4). Only with EXAFS models I and III does D1-Glu189 form an exclusive bidentate ligand to Ca 2C while in the other two models it forms a bidentate bridge between Ca 2C and MnC (Mn2). The final amino acid ligand originally identified by Ferreira et al. (2004) is CP43-Glu354. This residue appears to be in ligating distance to Mn in all four EXAFS-based models. In model I, it is bidentate to MnB (Mn3) while in model III its carboxylate oxygens bridge between MnB (Mn3) and MnC (Mn2). In models II and IIa, CP43-Glu354 provides a single ligand to MnB (Mn3).
CONCLUSION
In less than a decade, electron microscopy and X-ray crystallography have provided detailed information about the structure of PSII from both plants and cyanobacteria. The location and arrangement of the majority of the protein subunits of PSII have been revealed, including the organization of their transmembrane helices. The assignment of amino acids in these proteins as well as the organization of cofactors has been achieved by the application of X-ray crystallography of PSII isolated from cyanobacteria. Although the resolution has to date been restricted to 3.5-3.0 Å , the modelling of side-chain positions is sufficiently good that there will only be slight modifications made to their positions as the resolution of the X-ray diffraction data improves. Similarly, this will be true for most of the cofactors. For this reason, the current description of the protein environments around the various cofactors involved in energy transfer and charge separation is reasonably reliable. The only major uncertainties are the precise structure of the Mn 4 Ca 2C cluster and the nature of its protein surroundings in various S-state configurations, details which are paramount for elucidating the chemistry of the water-splitting reaction.
At present, the crystal structures of PSII are not at sufficient resolution to resolve the individual metal cations or the presence of low molecular weight ligands of the OEC. The situation appears to be further complicated by the possibility that radiation damage occurs at the metal cluster during the collection of X-ray diffraction data. On the other hand, information about the structure of the Mn 4 Ca 2C cluster can be obtained at high spatial resolution and without radiation damage by EXAFS. Recent EXAFS studies have not only confirmed earlier determinations on Mn-Mn and Mn-Ca 2C distances but also imposed angular constraints for the metal-metal bonds relative to the membrane normal (Yano et al. 2006; Pushkar et al. 2007) , although there are inconsistencies between these studies and with earlier studies by others (George et al. 1989; Schiller et al. 1998 ). Taken at face value, the most recent EXAFS work is not compatible with the models proposed by Ferreira et al. (2004) and Loll et al. (2005) . Our modified version of the Ferreira et al. model presented in figure 1c with one mono-m-oxo bond for the Mn4 linkage to the Mn 3 Ca 2C O 4 cluster also does not comply with the angular constraints imposed by the recent EXAFS analyses (table 1). The models derived from EXAFS studies of Yano et al. (2006) could therefore be considered to give a more realistic arrangement of the metal ions in the cluster, at least for the S 1 state, and perhaps one of the new positioning within the crystal structure reported here (figure 2) provides a better Table 1 . Calculated bond angles relative to the membrane normal for various models of the Mn 4 Ca 2C cluster of the OEC. (PDB coordinates 1S5L and 2AXT are for Ferreira et al. (2004) and Loll et al. (2005) , respectively. Mono-m-cubane is the modified form of the Ferreira et al. model referred to model 1 in the text. Models I, II, IIa and III are the EXAFS-derived models of Yano et al. (2006) , where the first values are calculated from the original orientations and the second after real-space fitting against the Mn-anomalous difference map of Ferreira et al. (2004) . Last column is the angle of real-space rotation compared with the original of Yano et al. (2006 overall working model. However, this modelling could be criticized since it relies on X-ray diffraction data, which was suggested by Yano et al. (2005) not to be reliable for the OEC owing to radiation damage. But the 3.8 Å Mn-anomalous difference data of Ferreira et al. (2004) were collected at low temperature and the density was consistent with the presence of four Mn ions, and therefore, at this low resolution, should be sufficiently reliable for inserting the EXAFS models even if some minor structural reorganization occurred due to radiation-induced reduction on Mn ions. Indeed, the four models we derived using the EXAFS models of Yano et al. (2006) and the real-space refinement against the Mn-anomalous difference map of Ferreira et al. (2004) more or less maintained the angular properties for the various bond distances reported by Yano et al. (2006) (table 1) . The possible protein ligation patterns for the four different EXAFSderived models are shown in figure 2 with only models II and IIa having the same pattern. The side-chain positioning has been modified slightly from the original modelling of Ferreira et al. (2004) by comparison with the electron density map of Ferreira et al. (2004) and Loll et al. (2005) and biasing to bidentate ligation and cross bridging whenever possible.
In conclusion, our analyses of the currently available structural data provide a number of alternative models for the metal-protein arrangements within the OEC. Improvement in the quality of X-ray diffraction data, collected in such a way as to reduce radiation damage, will be paramount for identifying which of these various models is the most reliable. Moreover, the resolution of X-ray diffraction data must be such that it should clearly assign water molecules with the view of identifying those which act as the substrate during the catalytic cycle. This challenge, coupled with information derived from EXAFS, Fourier transform infrared (FTIR), electron paramagnetic (EPR) spectroscopies and other techniques, will ultimately provide the details required for understanding precisely how photosynthetic organisms use sunlight to split water.
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ENDNOTE
1
There remains controversy in the literature regarding the number of Mn-mono-m-oxo-Mn and Mn-di-m-oxo-Mn bonds based on EXAFS measurements. For example, Dau and colleagues provide evidence for two, not three, Mn-di-m-oxo-Mn bonds in the S 1 state (Dau et al. 2004; Haumann et al. 2005) .
